O xytocin is the preferred agent for prophylaxis against uterine atony after vaginal or cesarean delivery (CD). 1 During the third stage of labor, oxytocin decreases the risk of postpartum hemorrhage (PPH) and the need for therapeutic uterotonics compared with placebo. 2 A low dose of oxytocin, delivered either as a bolus or an infusion during elective CD, can initiate adequate uterine tone after placental delivery. [3] [4] [5] [6] In addition, important maternal side effects, such as hypotension, tachycardia, myocardial ischemia, and nausea and vomiting, can be minimized with low-dose oxytocin regimens. [7] [8] [9] [10] After initiating adequate uterine tone, an oxytocin infusion is necessary for maintaining adequate uterine contractility. In a randomized controlled trial, women who received an oxytocin bolus followed by oxytocin infusion were found to have a reduced risk of requiring additional uterotonics compared with women who received a bolus with no oxytocin (placebo) infusion. 11 However, dose-finding studies have focused on the effective oxytocin infusion rate for initiating adequate uterine tone, 5, 6 and consensus is lacking on the effective oxytocin infusion rate for maintaining adequate uterine tone during CD. Therefore, investigating the effect of different infusion rates for maintaining adequate uterine tone is of clinical importance for several reasons. First, after initiating uterine contractility, continuation of an identical infusion rate may result in a high incidence of oxytocin-related side effects. 6 Using a lower infusion rate may maintain adequate tone while minimizing oxytocin-related side effects. Second, because of limited evidence, data from national surveys indicate that marked variation exists in prescribed oxytocin regimens during CD. [12] [13] [14] More studies are needed to provide new evidence for updating clinical guidelines for atony prophylaxis.
BACKGROUND:
Oxytocin is routinely used as prophylaxis against uterine atony. During elective cesarean delivery (CD), an oxytocin bolus is used to initiate adequate uterine tone, followed by an oxytocin infusion to maintain uterine contractility. However, it is unclear whether oxytocin maintenance infusion rate influences total estimated blood loss (EBL). METHODS: We performed a prospective, randomized, double-blind trial in 51 women undergoing elective CD. Women were randomly assigned to receive an oxytocin maintenance infusion of 2.5 or 15 U/h. All women received an oxytocin 1 U bolus to initiate adequate uterine tone. The primary outcome was EBL. EBL values between groups were compared using a Mann-Whitney U test; P < .05 as statistically significant. The median EBL difference with 95% confidence intervals was also calculated. Secondary outcomes included adequacy of uterine tone, use of additional uterotonics, and oxytocin-related side effects, including hypotension. RESULTS: Of 51 women, 24 received a low-rate infusion and 27 received a high-rate infusion. Median (interquartile range) EBL values in the low-rate and high-rate groups were 634 (340-886) mL versus 512 (405-740) mL, respectively (P = .7). The median difference in EBL between groups was 22 mL; 95% confidence interval = −158 to 236 mL. The rate of postpartum hemorrhage did not differ between groups (low-rate group: 4/24 [16.7%] versus high-rate group: 4/26 [15.4%] ). There were no between-group differences over time (first 20 minutes after commencing infusion) in the incidence of adequate uterine tone (P = .72) or hypotension (P = .32). CONCLUSIONS: Among women undergoing elective CD receiving an oxytocin maintenance infusion, EBL and uterine tone did not differ between women receiving 2.5 U/h oxytocin and those receiving 15 U/h oxytocin. Our findings suggest that efficacy can be obtained with a low oxytocin maintenance infusion rate; however, dose-finding studies are needed to determine the infusion rate that optimizes drug efficacy while minimizing side effects. (Anesth Analg 2017;124:857-62)
Effect of a High-Rate Versus a Low-Rate Oxytocin Infusion for Maintaining Uterine Contractility During Elective Cesarean Delivery: A Prospective Randomized Clinical Trial
To inform clinical practice, we performed a double-blind randomized trial to investigate the effect of a high-rate (15 U/h) versus low-rate (2.5 U/h) infusion of oxytocin on total estimated blood loss (EBL). Secondary outcomes were subjective assessments of uterine tone by the obstetrician, use of additional uterotonics, and oxytocin-related side effects.
METHODS
We performed a double-blind, randomized trial comparing 2 oxytocin maintenance infusions during elective CD under neuraxial anesthesia. The study was approved by Stanford University Institutional Review Board (Protocol 28015), and written informed consent was obtained from the study participants. The study was conducted at Lucile Packard Children's Hospital, Stanford University. Before patient enrollment, the study was registered at clinicaltrials. gov (NCT01932060).
Inclusion criteria were American Society of Anesthesiologists physical class 2, singleton pregnancies, ≥37 weeks' gestational age, elective CD with a Pfannenstiel incision, and age between 18 and 40 years. All patients received intrathecal anesthesia using a spinal or combined spinal-epidural technique. Patients were excluded who had significant medical or obstetric disease, active labor or ruptured membranes, placenta previa or other placental disorders, multiple gestation, known uterine abnormalities, and allergies to oxytocin.
Before surgery, patients were randomly assigned to 1 of 2 study groups: a low-rate maintenance infusion of oxytocin (oxytocin 10 U in 1 L lactated Ringer's infused at 250 mL/h, equivalent to 2.5 U/h or 0.042 U/min) or a highrate maintenance infusion (oxytocin 60 U in 1 L lactated Ringer's infused at 250 mL/h; equivalent to 15 U/h or 0.25 U/min). On the basis of data from previous studies, 5, 6, 11, [15] [16] [17] the selected oxytocin infusion rates were decided a priori by consensus. Opaque envelopes containing group assignments ensured blinding of study investigators and members of the anesthesia and surgical teams. A computer-generated random code specifying group assignment was contained in each envelope. We used randomly permuted blocks generated by SAS 9.3 (Cary, NC). Oxytocin infusions were prepared by an anesthesiologist not involved in the study.
On the day of surgery, a preoperative hemoglobin (Hb) level was measured. Baseline maternal heart rate (HR) and noninvasive blood pressure (BP) were recorded in the preoperative area on the day of surgery. Mean values for HR and BP were calculated from 3 measurements. All patients received a 500-mL preload of hetastarch (Hospira, Lake Forest, IL), infused over 30 minutes before spinal anesthesia. Lactated Ringer's solution was infused intraoperatively by the primary anesthesia team, with a goal to limit the total crystalloid volume to a maximum of 2 L. Before spinal anesthesia initiation, patients were moved to the sitting position on the operating room table. Spinal anesthesia was induced using hyperbaric bupivacaine 1.6 mL 0.75% bupivacaine, fentanyl 10 to 15 μg, and morphine 150 to 200 μg. Patients were then moved to the supine position with left lateral displacement. Surgery commenced when a bilateral T5 sensory block to pinprick was confirmed.
After delivery of the infant and clamping of the umbilical cord, all patients received an oxytocin 1 U bolus and the study infusion was commenced. A 1 U bolus dose of oxytocin is above the effective dose in 90% of patients (ED 90 ) for initiating adequate uterine tone 3, 4 and is routinely used at our institution for elective CD. The blinded attending obstetrician assessed uterine tone by manual palpation at 2-minute intervals. These measurements were made between 2 and 20 minutes after starting the study infusion. Uterine tone was assessed by the obstetrician as either adequate or inadequate. If the uterine tone was deemed "inadequate" at any study time point, an additional oxytocin 1 to 2 U "rescue" bolus was administered based on the discretion of the blinded attending anesthesiologist who was providing clinical care. If the patient received a total of ≥5 U "rescue" oxytocin and the uterine tone was deemed "inadequate," a second-line uterotonic (methylergonovine maleate, carboprost, or misoprostol) could be administered, at the discretion of the obstetric and anesthesia teams. The study infusion was discontinued when each patient was deemed ready for discharge from the postanesthetic care unit (PACU).
The primary study outcome was total EBL, measured quantitatively at the end of the intraoperative period by a blinded study investigator (A.D., C.M.) who was not involved in patient care. The study investigator calculated the total EBL using an approach previously described. 18 In brief, EBL was calculated by summing the following measurements: total weight of blood on blood-soaked surgical laps, measured using electronic scales; estimate of blood contained in the suction canister; and estimate of blood loss around the surgical field and drapes after completion of surgery. We calculated rates of PPH using a traditional definition of EBL >1000 mL. 1 Secondary outcomes included adequacy of uterine tone (yes/no); Hb level at the time of PACU discharge, number of rescue doses of oxytocin, duration of the oxytocin infusion, need for secondary uterotonic agents, use of surgical interventions for blood loss control (including B-Lynch brace suture, intrauterine balloon tamponade, vessel ligation, and hysterectomy), use of blood components during surgery or PACU, duration of PACU stay, and hospital length of stay. We also recorded the incidence of clinically relevant oxytocin-related side effects (bradycardia [classified as an HR <40 beats per minute], tachycardia [classified as HR ≥120 beats per minute], hypotension [classified as a systolic BP ≤80% of the baseline value], nausea and vomiting, flushing, headache, chest pain, and dyspnea). The assessment of oxytocin-related side effects was observed by the study investigator at the same time as the uterine tone assessments (between 2 and 20 minutes after commencing the infusion).
Statistical Analyses
Data were assessed for normal distribution of variance using the Kolmogorov-Smirnov tests and normality plots. For the baseline characteristics, we assessed whether any clinically relevant between-group differences were apparent. If a clinical imbalance was noted for any baseline characteristic, a multivariable mixed-effects model was considered with EBL as the dependent variable and group as a fixed independent variable, with adjustment for relevant baseline characteristics.
To assess the effect of a low versus high oxytocin infusion rate on EBL (primary outcome), we compared EBL values between groups using the Mann-Whitney U test. We also calculated the median (95% confidence interval [CI] ) betweengroup difference in EBL. For postoperative Hb, duration of infusion, and rescue dose of oxytocin, between-group differences were compared using the Mann-Whitney U test, and we calculated the median between-group difference with 95% CIs for each parameter. The proportion of women in each group with PPH was compared using the Fisher exact test, and we compared the 95% CI for the difference in proportions using the 2-sample test for equality in proportions.
To assess the effect of a low versus high infusion rate on the following secondary outcomes of interest: hypotension, adequacy of uterine tone, "rescue" doses of oxytocin, we used a longitudinal fixed-effects model, based on a generalized estimated equation approach. For these models, time and study group were fixed effects. For the longitudinal model assessing hypotension, we adjusted for baseline systolic BP. Data are presented as mean (SD), median (interquartile range), or n (%).We performed statistical analyses using Stata version 12 (College Station, TX). A P < .05 was considered as statistically significant.
On the basis of data from previous studies 3, 6, 19 and the combined clinical experience of study investigators, to detect a 250-mL (SD 350 mL) decrease in EBL for women in the high-rate compared with the low-rate group with a 2-sided significance of 5% and a power of 90%, 42 patients per group were needed. To account for fallouts, we aimed to recruit 45 patients per group. Analysis was by intention to treat.
RESULTS
Between August 2013 and July 2015, 140 patients were approached and 51 patients completed the study (Figure 1) . We halted recruitment in July 2015 for 2 reasons: slow accrual of patients, and introduction of an important change in clinical practice for women undergoing elective CD, namely phenylephrine infusions for prophylaxis against spinal hypotension. At the time of study termination, we recruited 24 patients in the low-rate group and 27 patients in the high-rate group. On the basis of our sample size at the time of study termination (at least 23 patients per group), we had 68% power to detect a 250-mL (SD 350 mL) decrease in EBL between groups. Conversely, 23 patients per group did provide 90% power to detect a 335-mL (SD 350 mL) difference between groups, with a 2-sided significance of 5%.
We observed no clinically relevant between-group differences for any baseline (demographic or obstetric) characteristic (Table 1) . Mean preoperative Hb values did not differ between groups: 11.8 (1.3) g/dL versus 11.9 (1.1) g/dL in the low-rate versus high-rate group, respectively. The mean (95% CI) between-group difference in preoperative Hb was −0.1 (−0.8 to 0.6) g/dL.
We observed no statistically significant differences in EBL between groups. Median (interquartile range) EBL was 634 (340-886) mL for the low-rate group versus 512 (405-740) mL for the high-rate group (P = .7; Figure 1 ). The median difference in EBL between groups was 22 mL (95% CI = −158 to 236 mL). EBL was incorrectly measured for 1 patient in the high-rate group; therefore, this patient's data were not included in the between-group analysis for EBL. The rate of PPH did not differ between groups: 4 of 24 (16.7%) in the low-rate group versus 4 of 26 (15.4%) in the high-rate group (P = 1.0). The difference in the proportion of women with PPH between groups was 1.3% (95% CI = −49.6% to 52.2%). Median Hb values in PACU were not different between groups: 11.2 (10.3-12.2) g/dL in the lowrate group versus 11.1 (9.9-11.8) g/dL in the high-rate group (P = .77). The median (95% CI) between-group difference in postoperative Hb was 0.1 (−0.7 to 0.9) g/dL. Median (interquartile range) duration of study infusion was not different between groups: 90 (90-117) minutes in the low-rate group versus 90 (90-100) minutes in the high-rate group (P = .88). The median difference in duration of infusion between groups was 0 minutes (95% CI =-2 to 3 minutes).
The total dose of "rescue" oxytocin was not different between groups: 1 (1-1.5) U in the low-rate group versus 1 (1-2) U in the high-rate group (P = .98). The median between-group difference in the "rescue" dose of oxytocin was 0 U. In our generalized estimated equation model, we observed no significant between-group difference in the rescue dose of oxytocin used over time (P = .72). One patient in each group required a second-line uterotonic intraoperatively (misoprostol in the low-rate group; methylergonovine in the high-rate group). No patients required a second-line uterotonic in PACU. We observed no statistically significant between-group differences over time in the proportion of patients who achieved adequate uterine tone (P = .72) or hypotension (P = .32; Figures 2 and 3) . The frequencies of other oxytocin-related side effects (nausea, dyspnea, flushing, headache, chest pain, and tachycardia) are presented in Table 2 . No patients experienced vomiting or bradycardia in either of the study groups.
One patient in the low-rate group incurred bladder wall injury requiring cystectomy. One patient in the lowrate group required red blood cell transfusion in PACU for severe postoperative anemia (Hb = 6.2 g/dL); she did not incur refractory uterine atony during the perioperative period, and her EBL was 918 mL. No patients received any surgical intervention for blood loss control. Two patients in the low-rate group had missing postoperative Hb values. Median hospital length of stay was similar in each group: 5 (4-5) days in the low-rate group versus 4 (4-5) days in the high-rate group; the median between-group difference in length of stay was 0 days.
DISCUSSION
Our findings suggest that, among healthy women undergoing elective CD, EBL did not differ between women receiving an oxytocin maintenance infusion of 2.5 U/h compared with those receiving an oxytocin infusion of 15 U/h. In addition, we observed no between-group differences in the frequencies of PPH. Similarly, no between-group differences were observed over time in the incidence of adequate uterine tone, need for additional uterotonics, or hypotension. No between-group differences were observed over time in the dose of rescue oxytocin boluses given after starting the oxytocin infusion.
In recent years, a number of studies have shown that low doses of oxytocin, delivered as a bolus or infusion during elective CD, can successfully initiate uterine contractility while minimizing dose-related side effects. [3] [4] [5] [6] After initiating uterine contractility, studies investigating the efficacy of an oxytocin infusion for maintaining adequate uterine tone are limited. Sheehan et al 11 compared an oxytocin 5 U bolus followed by an oxytocin 10 U/h infusion over 4 hours versus a 5-U bolus followed by placebo infusion. They found no between-group differences in the rate of severe PPH or volume of overall blood loss; however, women receiving an oxytocin bolus + oxytocin infusion were at reduced odds (odds ratio = 0.61) of receiving an additional uterotonic compared with those only receiving an oxytocin bolus followed by a placebo infusion. These findings suggested that there is clinical merit in using a maintenance oxytocin infusion during elective CD. However, in our study, differences in obstetricians' and anesthesiologists' preferences for using additional uterotonics or assessment of uterine tone may explain why we observed no between-group differences in additional uterotonic use.
There is a dearth of studies investigating the doseresponse of a maintenance oxytocin infusion. This may explain why obstetric societies are inconsistent in their dosing recommendations for oxytocin prophylaxis. 1 Data from national surveys suggest that there is wide interphysician variability in the prescription of oxytocin infusions after oxytocin bolus administration. [12] [13] [14] In one survey of lead obstetricians and anesthesiologists in the United Kingdom and Ireland, marked variation between countries was reported in the utilization rates of an oxytocin infusion (11%-55%), with infusion rates varying from 3.3 to 20 U/h. 12 Although we observed no between-group differences in our primary or secondary outcomes, the use of a low-rate infusion may be advantageous for avoiding cardiovascular instability in high-risk patients, such as women with cardiac disease.
Oxytocin is associated with important cardiovascular and noncardiovascular side effects, such as hypotension, tachycardia, ST-segment changes, nausea, and vomiting. 10, 20 The incidence and magnitude of these effects may be dose related. 9 In our study, despite the 6-fold difference between groups in the oxytocin dose infused per hour, we did not observe any significant differences in the incidence of hypotension over time between groups. Oxytocin side effects were uncommon in both groups and, surprisingly, flushing and nausea occurred more frequently in the low-rate group. Comparisons of side effect frequencies is challenging because of between-study differences in oxytocin infusion rates. 6, 16, 21 Our study has a number of potential limitations. Our study did not include a placebo group; therefore, it is uncertain whether all patients may benefit from an oxytocin maintenance infusion. The results of our a priori and post hoc power analyses deserve attention for several reasons. First, because of a dearth of studies examining oxytocin regimens for maintaining adequate tone, we based the a priori effect size (SD) estimates on previously published data from studies examining oxytocin regimens for initiating uterine tone. 3, 6, 19 These assumptions may explain why the planned EBL difference (250 mL) fell just outside the 95% CIs for the observed median EBL difference (−158 to 236 mL). However, these limits are the best available evidence of where the true effect of treatment may lie. Second, the observed median difference in EBL (22 mL) was substantially smaller than the difference we planned to detect (250 mL). Third, with approximately 23 patients per group, we only had 67% power to detect a 250-mL difference in EBL between groups. To determine the accuracy of our findings, validation studies in larger study populations are needed. Last, we focused on low-risk women undergoing uncomplicated elective CD. Because women undergoing intrapartum CD require higher oxytocin doses to initiate adequate uterine tone compared with those undergoing prelabor CD, 4, 6, 22 it is possible that those at high risk for uterine atony need a higher oxytocin infusion rate to maintain uterine contractility.
A number of our secondary clinical outcome measures (adequate uterine tone, bradycardia, tachycardia, and hypotension) were recorded as binary data as opposed to continuous data; therefore, we are unable to perform area-under-the-curve analyses for these outcomes. Because our study was likely underpowered to examine these secondary outcomes, population-wide studies are needed to investigate whether the infusion rate of oxytocin influences the incidence and severity of these side effects, as well as rates of major hemorrhage-related morbidity, such as transfusion, intensive care admission, and major organ dysfunction.
In conclusion, after initiating adequate uterine tone with an oxytocin bolus, our findings suggest that EBL values do not differ between women receiving an oxytocin infusion of 15 vs 2.5 U/h. On the basis of these findings, after initiating adequate uterine tone during elective CD, a low-rate oxytocin infusion is adequate for maintaining uterine contractility. We observed no additional benefit from using a 6-fold higher infusion rate. Future dose-finding studies are needed to determine the optimal infusion rate of oxytocin for maintaining uterine contractility and minimizing blood loss, while reducing oxytocin-related side effects. E Time represents the time period that has elapsed after commencing the oxytocin maintenance infusion.
